Proliferative enteropathy is an intestinal infectious disease caused by the obligate intracellular bacterium Lawsonia intracellularis. Immunohistochemistry staining has superior sensitivity over hematoxylin and eosin and silver staining for detecting L. intracellularis in histological sections. A L. intracellularis-specific monoclonal antibody (MAb) produced in the UK (IG4 MAb) has been described in the literature. However, no monoclonal or polyclonal antibodies are commercially available. Therefore, the objective of this study was to produce and characterize new polyclonal and monoclonal antibodies against L. intracellularis that are suitable for diagnostic use. The new monoclonal (2001 MAb) and polyclonal antibodies (1999 PAb) were compared with the IG4 MAb using Western blot analysis of outer membrane proteins (OMPs) of 6 L. intracellularis isolates, Bilophila wadsworthia and Brachyspira hyodysenteriae and using immunohistochemistry of known positive and negative histologic samples and pure cultures of L. intracellularis, B. wadsworthia, B. hyodysenteriae, Salmonella choleraesuis, S. typhimurium, and Escherichia coli K88. Immunogold staining using 2001 MAb was performed to show the specificity of the antibody against an L. intracellularis surface protein. Western blot analysis showed that the 2001 MAb targeted an OMP of 77 kD, which made it different from the IG4 MAb that targeted an 18-kD OMP. The immunogold stain demonstrated the specificity of the 2001 MAb to a surface protein of L. intracellularis. The polyclonal antibody (1999 PAb) targeted 5 OMPs (77, 69, 54, 42, and 36 kD). Both the 2001 MAb and 1999 PAb stained known positive, but not negative, histologic samples. Both the 2001 MAb and 1999 PAb reacted with a pure culture of L. intracellularis but not with any other common enteric pathogens. These two new antibodies will be useful for immunodiagnosis of L. intracellularis.
Proliferative enteropathy (PE) is an intestinal infectious disease characterized by thickening of the distal small and proximal large intestinal mucosa due to enterocyte proliferation associated with the presence of an intracellular bacterium, Lawsonia intracellularis. 23 The 2 major clinical aspects of PE in pigs are acute hemorrhagic diarrhea and sudden death of replacement animals and of finishing pigs close to market age, known as proliferative hemorrhagic enteropathy (PHE), and chronic mild diarrhea and reduced performance in grow-finishing pigs, known as porcine intestinal adenomatosis. 17, 24 In addition to these 2 different clinical presentations in pigs, PE has also been reported in several other animal species, including the rat, hamster, guinea pig, rabbit, ferret, ostrich, pig, deer, horse, 3 emu, 21 and monkey. 15 Diagnosis of PE in veterinary diagnostic laboratories is based on detection of histologic lesions using the hematoxylin and eosin stain and Warthin Starry silver stain and by polymerase chain reaction (PCR) in fecal and intestinal samples. An immunohistochemical (IHC) stain using a monoclonal antibody against L. intracellularis 23 detected positive antigen label in tissues from several animal species, including whitetailed deer, 6 a dog, 20 an emu, 21 hamsters, 23 horses, 9, 29 a From the Department of Veterinary Pathobiology, University of Minnesota, Saint Paul, MN, 55108 (Guedes, Gebhart). monkey, 15 pigs, 25, 26 and rabbits. 28 In addition, the sensitivity and specificity of IHC staining using the monoclonal antibody against L. intracellularis 23 was found to be superior to that of hematoxylin and eosin and Warthin Starry silver stains in pigs with macroscopic lesions suggestive of PE. 12, 13 However, this monoclonal antibody 23 is not commercially available to diagnostic laboratories. Therefore, the objective of this study was to produce and to characterize new polyclonal and monoclonal antibodies against L. intracellularis.
Materials and methods
Bacterial strains and culture conditions. Six different L. intracellularis isolates, Bilophila wadsworthia (L. intracellularis' closest phylogenetic organism), 27 Brachyspira hyodysenteriae, Salmonella choleraesuis, S. typhimurium, and Escherichia coli K88 were used in this study (Table 1) . Lawsonia intracellularis isolates were obtained from a collection held at the University of Minnesota (Saint Paul, MN) where their identity had been confirmed by PCR and 16S ribosomal DNA sequence analysis. 4, 5 The L. intracellularis isolates were grown in tissue culture flasks under conditions described in detail elsewhere. 18 In brief, 30% confluent McCoy cell (ATCC CRL 1696) monolayers were infected with L. intracellularis isolates and incubated in an atmosphere of 8% oxygen, 8.8% carbon dioxide, and 83.2% nitrogen for 7 days at 37 C. The bacterial cocultures were passed into new T-175 cm 2 flasks weekly. To reduce the amount of eukaryotic cell debris in the preparations, only bacteria present in the supernatant of infected tissue culture flasks were used.
Brachyspira hyodysenteriae and B. wadsworthia were grown for 5-6 days at 37 C on Mueller Hinton solid medium containing 5% sheep blood under microaerophilic conditions (Gas Packs). a Salmonella choleraesuis, S. typhimurium, and E. coli K88 were grown aerobically overnight at 37 C on Mueller Hinton solid medium containing 5% sheep blood. Brachyspira hyodysenteriae, B. wadsworthia, S. choleraesuis, S. typhimurium, and E. coli K88 were harvested by gentle scraping off bacterial colonies with a sterile spatula and 1 ml of sterile phosphate-buffered saline (PBS, pH 7.2).
Preparation of outer membrane proteins. The outer membrane proteins (OMPs) of each of the 6 L. intracellularis isolates, B. wadsworthia, and B. hyodysenteriae used in the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analyses were prepared using the Sarkosyl technique. 1, 7 In brief, bacteria in suspension in the tissue culture media or scraped from plates were pelleted (3,400 ϫ g for 20 min) and washed with sterile PBS 3 times. The last centrifugation was done at low speed (150 ϫ g for 5 min) just to pellet any cell debris and nuclei present in the L. intracellularis preparations. Then, the bacterial supernatant was sonicated for 3 min in intermittent cycles. Sonicated bacteria were centrifuged (5,000 ϫ g for 20 min) to remove nonsoluble debris. The suspension of sonicated bacteria was ul-tracentrifuged (100,000 ϫ g for 60 min) and the pellet resuspended in 25 mM of Tris-HCl and 2% Sarkosyl (1:1 w/w). The suspension was incubated for 12 hr at 4 C. Then, it was ultracentriged again for the same time and at the same speed. Finally, the pellet was suspended in a small volume of 25 mM of HCl, the OMP concentration was measured using a protein kit, b and samples were aliquoted in small cryogenic vials and stored at Ϫ70 C.
Sodium dodecyl sulfate-PAGE and Western blotting. Twenty microliters of each OMP suspension was added to 40 l of sample buffer containing 12.6% of 5 M Tris-HCl (pH 6.8), 10.5% glycerol, 21% SDS (10% solution), and 5% bromophenol blue (0.1% solution) in bidistilled water. The final solution was boiled for 5 min. Samples containing approximately 2.8 g of membrane suspension of each isolate were loaded onto SDS-PAGE gels (4% stacking gel and 12% separating gel), prepared in an electrophoresis cell apparatus b and run according to the method of Laemmli 16 as modified by Carlone et al. 2 These OMPs were stained with 0.1% Coomassie blue R-250 using low M r prestained markers as standards. b For Western blot analysis, the separated proteins were transferred to polyvinylidene difluoride microporus membranes c using the Trans-Blot Semi-Dry electrophoretic transfer cell apparatus. b The membranes were blocked overnight in Tris-buffered saline (TBS, pH 7.2) containing 1% skimmed milk. Then, the membranes were treated with IG4 monoclonal antibody (IG4 MAb), 23 2001 MAb described in this study, or the new rabbit polyclonal antibodies (1999 PAb) diluted 1 in 10, 1 in 25, and 1 in 10,000 in PBS, respectively. The IG4 MAb used was the supernatant from the hybridoma grown in static flasks, 23 and the 2001 MAb was produced in bioreactor fermentors. d After incubation with the primary antibody, the membranes were washed 3 times in TBS and incubated in horseradish peroxidase (HRP)-conjugated rabbit antimouse IgG or goat anti-rabbit IgG, e diluted 1 in 200 and 1 in 2,000 in PBS, respectively. Membranes were stained with diaminobenzidine and hydrogen peroxide solution according to the instructions on the product label. e Immunohistochemistry of pure bacteria and formalin-fixed ileum sections. Lawsonia intracellularis isolate VPB4, B. wadsworthia, B. hyodysenteriae, S. choleraesuis, S. typhimurium, and E. coli K88 bacterial cells were washed 3 times with PBS after harvest and resuspended in PBS to about 10 6 bacteria/ml. Ten microliters of each bacterial suspension was used to coat 8-well glass slides that were then stained by the IHC method of peroxidase-labeled Streptavidin f using normal mouse serum (NMS), normal rabbit serum (NRS) (negative controls), IG4 MAb, 2001 MAb, or 1999 PAb. For this, the IG4 MAb was originated from mice ascitic fluid, and the 2001 MAb was produced in bioreactor fermentors. Sections were incubated with each antibody for 30 min at room temperature. The dilutions used were 1:100, 1:100, 1:3,000, 1:100, and 1:30,000 for NMS, NRS, IG4 MAb, 2001 MAb, and 1999 PAb, respectively. The chromogen used was the 3-amino-9-ethylcarbazol. e Eight histologic ileum samples from pigs experimentally infected with L. intracellularis, which previously stained positive using the IG4 MAb, were sectioned and stained using the 2001 MAb and the 1999 PAb. Three histologic ileum samples from normal finishing pigs, which previously stained negative using the IG4 MAb, were also sectioned and stained using the 2001 MAb and the 1999 PAb. All sections were subjected to antigen retrieval using 0.05 M proteinase K f for 5 min at room temperature.
Immunogold labeling of whole L. intracellularis cells. Cells of L. intracellularis isolate PHE/MN1-00 were harvested from the supernatant medium of highly infected McCoy cell monolayers by centrifugation at 1,400 ϫ g for 20 min, and the cells were washed 2 times in PBS. Resuspended cells were fixed in Karnovsky's fixative for 90 min at room temperature, washed in PBS, and resuspended in 0.2 M phosphate buffer (pH 7.2). The fixed cells were centrifuged at 1,400 ϫ g for 20 min, resuspended in 0.01 M phosphate blocking solution containing 5% goat serum, 5% glycerol, 1% cold-water fish gelatin, and 0.04% sodium azide, and incubated at room temperature for 2 hr. After centrifugation, the bacterial pellet was resus-pended in 1 ml of undiluted 2001 MAb. The 2001 MAb was the supernatant from hybridoma grown in static flasks. Cells were incubated overnight at 4 C, washed 3 times with PBS, and treated with goat antimouse IgG 10-nm gold conjugate e diluted 1:20 in PBS. After incubation at room temperature for 2 hr, the suspension was washed 3 times in PBS, centrifuged at 2,000 ϫ g for 5 min, and pelleted in 2% agar. The bacterial pellet in agar was trimmed into small pieces, dehydrated, and embedded in resin. Ultrathin sections were prepared and examined with a transmission electron microscope.
Production of 2001 MAb
Cell lines and media. SP2/0-Agl4, a Balb/c, nonimmunoglobulin-secreting mouse myeloma cell line, were cultured in 10% fetal bovine serum (FBS) in Dulbecco modified Eagle medium (DMEM) e containing 4,500 mg/liter glucose, L-glutamine, and 20 mg/ml 8azaguanine e for 10 days before lymphocyte cell fusion experiments. Myeloma cells were cultured in a Stericult incubator, g which is programmed to maintain a temperature of 37 C and humidity of 98%, in an atmosphere of 7% CO 2 .
Immunizations. Four 10-wk-old female Balb/c mice were immunized by intraperitoneal injection of 100 l volumes of a 1:1 emulsification of about 10 7 L. intracellularis VPB4 organisms into Freund's complete adjuvant h for the primary injection and into Freund's incomplete adjuvant for all subsequent booster injections. Injections were administered every 3-4 wk, and polyclonal antisera were collected on weeks 5 and 8 for immunoassay screening. Whole blood was collected by a retro-orbital venous plexus bleed using a 100l disposable micropipette. The blood was allowed to clot at 4 C for 20 min and centrifuged at 6,400 ϫ g for 10 min to sediment the cellular fraction. The serum was drawn off and frozen at Ϫ20 C until assayed in the immunoperoxidase monolayer assay (IPMA) serologic test. 10, 11 Production of hybridoma cell lines. Mice that screened positive for antibodies reactive to L. intracellularis using the IPMA were sacrificed and aseptically splenectomized. Spleenocytes were isolated for use in cell fusions. 14 Fused cells were plated in HAT medium, which contains hypoxanthine, aminopterin, and thymidine, as described previously, 14 in 24-well sterile culture plates i and grown at 37 C, 98% humidity, and 7.2% CO 2 . After 2-3 wk, HAT-resistant cultures were isolated and screened for production of IgG specific for L. intracellularis. Positive cultures were subsequently cloned, expanded, and frozen. Cloning was performed by limiting dilution (1 cell/well) and microscopically scored to assure monoclonality. Clones that screened positive were selected and ex-panded in T-175 cm 2 flasks in DMEM with 10% FBS, 6% NCTC-109, j 1% nonessential amino acids, e and hypoxantina, aminopterin, thymidine, oxaloacetate, pyruvate, insulin, and cysteine. For production of large amounts of antibodies, the hybridoma was expanded in bioreactor fermentors.
Bioreactor production of monoclonal antibody. Large-scale antibody production of 2001 MAb was performed in an Integra CL 350 fermentor. d The bioreactor was seeded and maintained according to the manufacturer's protocol. Media used in the cell compartment was DMEM supplemented with WRC-935 j and 5% FBS. The upper chamber contained DMEMbased media supplemented with WRC-935 and 2% FBS. Cells were cultured in the bioreactor for 4 wk. After collection, the product of the bioreactor was combined with 50% ammonium sulfate and incubated overnight at 4 C. The precipitate was centrifuged at 8,200 ϫ g for 10 min at 4 C. The pellet was resuspended and dialyzed in PBS.
Serological screening of mice polyclonal and subclones. The IPMA technique used to screen pig serum IgG specific for L. intracellularis, described in detail elsewhere, 10, 11 was slightly modified for screening mice serum and the supernatant from hybridoma subclones. The modifications consisted of the use of rabbit anti-mouse IgG HRP-conjugate e diluted 1:600 in 1% bovine serum albumin (BSA) PBS solution.
Production of 1999 PAb
Immunizations. Two female New Zealand rabbits were immunized subcutaneously with 1 ml of the suspension containing 0.5 ml of complete Freund's adjuvant and 0.5 ml of L. intracellularis isolate VPB4 suspension (about 10 8 organisms). Two weeks after the first immunization, the rabbits were boosted using the same procedure as in the first immunization but with incomplete Freud's adjuvant. Both animals received a booster every other week until the seventh booster. One week after each booster the rabbits were bled. The sera were titered using a modified IPMA serology test, using goat anti-rabbit IgG HRP-conjugate e diluted 1: 25 in 1% BSA-PBS solution. One week after the seventh booster, both rabbits were sedated, and the final and complete bleeding was performed. The sera were aliquoted and stored at Ϫ20 C until use.
Results

2001
MAb. All 4 immunized mice had detectable serum antibodies as high as 1:32,000 using the modified IPMA test. Four hundred thirty-two hybridomas were produced, of which 1 was positive on initial screening against L. intracellularis. This hybridoma was cloned and isotyped as IgG1 with kappa light chain. Further testing of the clones showed similar re-actions against L. intracellularis using the modified IPMA test. Because of animal welfare restrictions, ascitic fluid could not be produced, and higher concentrations of antibodies were obtained by expanding the hybridoma in bioreactors. The 2001 MAb product of bioreactors was used for IHC and Western blot techniques using dilutions of 1:100 and 1:25 in PBS, respectively. The 2001 MAb from the supernatant of the hybridoma grown in static flasks was used undiluted for the immunogold stain.
1999 PAb. The antibody titers for both immunized rabbits increased from 1:500 at 28 days after the first injection to 1:10,000 at the final bleeding, 1 week after the seventh booster. No antibody concentration or precipitation protocols were used on the rabbit sera because the antibody titers were very high. The 1999 PAb used for IHC and Western blot was a combination of both rabbit sera (1:1 proportion) diluted 1:30,000 and 1:10,000, respectively.
Sodium dodecyl sulfate-PAGE and Western blotting. In SDS-PAGE gels stained with Coomassie blue, all 6 L. intracellularis isolates clearly showed 6 major OMPs: 77, 54, 36, 23, 18, and 12 kD (Fig. 1a) . The fifth smaller band was slightly different in size in the HAM-1 and FOAL/96 isolates when compared with the other L. intracellularis isolates. In addition, the HAM-1 isolate had a smaller major band, 10.8 kD, that was not present in the other isolates. Two of the 4 B. wadsworthia major OMPs had molecular sizes similar to all L. intracellularis isolates, 36 and 12 kD. One of the 5 OMPs of B. hyodysenteriae had a molecular size similar to all L. intracellularis isolates and B. wadsworthia, 36 kD.
The IG4 MAb and 2001 MAb reacted with 2 different OMP major bands, 18 and 77 kD, respectively, of all L. intracellularis isolates, except HAM-1 (Fig.  1b, 1c (Fig. 2) . The antigen labeling produced by the 1999 PAb seemed to be more extensive and stronger, especially noticeable in the cytoplasm of mononuclear cells in the lamina propria, than the antigen labeling produced by either monoclonal antibody (Fig. 2e) . The 3 known negative histologic ileum sam-ples based on IHC using the IG4 MAb were also negative by IHC when using the 2001 MAb and the 1999 PAb. Immunogold-labeling particles were found loosely associated with the outer surface of L. intracellularis PHE/MN1-00 isolate (Fig. 3) . 
